Feline immunodeficiency virus (FIV) infection of domestic cats represents a valuable system through which to investigate criteria for antilentiviral vaccines in a natural host species. Here, we examined whether vaccination with a strain of FIV attenuated as a result of prolonged growth in vitro could protect against a fully virulent, highly heterologous intraclade challenge. The results indicated that the vaccine virus produced a low-grade infection with no detectable pathological effects and afforded a long-lasting sterilizing immunity if the challenge was delivered intraperitoneally as cell-free virus but not against a cell-associated intravaginal challenge. In the latter case, however, the replication and pathological consequences of the challenge virus were markedly suppressed. Together with similar results obtained in rhesus monkey models, these findings should give impulse to the development of attenuated FIV vaccines to be tested in controlled studies in field cats. Field studies may provide answers to some of the existing safety concerns surrounding attenuated AIDS vaccines in humans.
Feline immunodeficiency virus (FIV) infection of domestic cats represents a valuable system through which to investigate criteria for antilentiviral vaccines in a natural host species. Here, we examined whether vaccination with a strain of FIV attenuated as a result of prolonged growth in vitro could protect against a fully virulent, highly heterologous intraclade challenge. The results indicated that the vaccine virus produced a low-grade infection with no detectable pathological effects and afforded a long-lasting sterilizing immunity if the challenge was delivered intraperitoneally as cell-free virus but not against a cell-associated intravaginal challenge. In the latter case, however, the replication and pathological consequences of the challenge virus were markedly suppressed. Together with similar results obtained in rhesus monkey models, these findings should give impulse to the development of attenuated FIV vaccines to be tested in controlled studies in field cats. Field studies may provide answers to some of the existing safety concerns surrounding attenuated AIDS vaccines in humans.
Despite numerous strategies involving animal models and clinical trials in human volunteers, effective vaccines against human immunodeficiency virus type 1 (HIV-1) remain a global health priority. Estimates indicate that HIV-1 causes Ͼ15,000 new infections every day. Furthermore, almost 90% of the new infections occur in resource-poor countries, mostly in women infected by sexual intercourse or in neonates infected during pregnancy or breast feeding (69) , indicating that the major portal of entry for HIV-1 is mucosal. In these groups, where drug therapy is unaffordable and health care infrastructures are weak, the demand for an AIDS vaccine is therefore as great as ever.
Vaccines remain the method of choice for control of viral infections on the grounds of safety, efficacy, and cost. An ideal vaccine should confer long-lasting and broad-range protection, preferably after a single inoculation, and it should be inexpensive and easily administered (41, 54, 56, 64) . Live attenuated virus vaccines fulfill these prerequisites, in that a single vaccine dose is normally sufficient to elicit a robust and long-lasting immune response in the host. Thus, it is conceivable that attenuated lentiviral vaccine may evoke broad protective immunity more effectively than inactivated virus vaccines or subunit vaccines. While live vaccines are currently considered to be impractical for clinical trials in humans because of safety concerns, studies conducted in animal models are providing useful information on the immune mechanisms of vaccinal protection. This approach has been successfully applied in the rhesus macaque models of simian and simian-human immunodeficiency viruses, although uncertainties still exist as to the relative importance of different immune effectors (1, 2, 15, 17, 22, 33-35, 40, 51, 65, 67, 74) . However, the rhesus models do not lend themselves to testing vaccines under natural conditions of infection and therefore fall short of providing the ultimate proof that a given vaccinal approach is indeed working in the field.
Feline immunodeficiency virus (FIV) infection of domestic cats represents a valuable system through which to study the pathogenesis of immunodeficiency viruses and to evaluate antilentiviral vaccines in a natural host species. The course of infection, mechanisms of persistence, pathogenesis, and genetic diversity of FIV parallel those of HIV-1, allowing the definition of the protective immune mechanisms that may be important for the rational development of safe and effective HIV-1 vaccines. More than 10 years of FIV vaccination experiments have demonstrated that complete protection (sterilizing immunity) can be achieved only with certain vaccine formulations. Further, the vaccinal protection observed is limited to homologous or slightly heterologous virus challenges (for comprehensive reviews, see references 21 and 68). Taken together, these studies indicate that FIV vaccines perform better when virus challenge is administered systemically rather than mucosally (23, 24) and that protection conferred by inactivated vaccines requires multiple immunizing doses and is relatively short-lived (9, 47) .
Long-term propagation in tissue culture has been widely used to develop live attenuated antiviral vaccines. This is the first study investigating whether vaccination with a strain of FIV rendered nonpathogenic as a result of prolonged growth in vitro could protect against a fully virulent, highly heterolo-gous intraclade challenge. The results indicated that the vaccine afforded a long-lasting sterilizing immunity if the challenge was delivered intraperitoneally but not when it was delivered intravaginally. In the latter case, however, the replication and pathological consequences of the challenge virus were markedly suppressed.
MATERIALS AND METHODS
Animals, viruses, and experimental design. Female specific-pathogen-free cats (Iffa Credo, L'Asbrege, France) were used for this study. Both controls and vaccinees were 9 months old and free from infectious FIV and feline leukemia virus and virus-specific antibodies at the commencement of the study. The animals were housed individually in our climate-controlled animal facility in accordance with European Community regulations. The vaccine virus was the Petaluma strain of FIV (Pet) produced by chronically infected FL4 cells (75; a generous gift of Janet K. Yamamoto, Gainesville, Fla.). In our laboratory, FL4 cells are routinely split 1:5 twice weekly. The viral stock used as a vaccine (FL-381) was cell-free supernatant harvested at cell passage 381 and was inoculated intravenously at 316 50% tissue culture infectious doses (TCID 50 ) in 1 ml per cat. The challenge Glasgow-8 strain of FIV (GL8) and the interleukin-2-dependent feline T-cell line Q201 (72) , in which this virus was propagated, were kindly provided by Margaret J. Hosie, Glasgow, United Kingdom. Intraperitoneal challenge consisted of 1 ml of cell-free supernatant and contained 30 TCID 50 . Intravaginal challenge was instead carried out with primary blasts that were ϳ60% FIV positive by surface immunofluorescence. These were obtained by stimulating in vitro pooled peripheral blood mononuclear cells (PBMC) from independent uninfected cats with concanavalin A (infection with GL8 at a multiplicity of infection of 0.0015) and by harvesting 8 days later. The desired numbers of infected cells were deposited into the anterior vagina in 100-l of sterile, pyrogen-free saline using smooth pipette tips in order to prevent tissue lacerations. No discharge from the vagina was observed after inoculation.
Six cats were inoculated with the vaccine virus, FL-381, and then monitored daily for clinical manifestations and at regular intervals for viral RNA in plasma, viral DNA and infectivity in the PBMC, virus-specific antibodies and lymphoproliferative responses, circulating CD4
ϩ -T-lymphocyte counts, and routine hematochemical test results. Eighteen months postvaccination (p.v.), four vaccinees and four uninfected age-matched control cats were challenged intraperitoneally with GL8 and then monitored for 15 months using assays capable of discriminating the challenge virus from the preexisting FL-381, as well as by the parameters described above. At the end of this period (33 months p.v.), because they were still GL8 free, the four vaccinees, together with another six control cats, were challenged intravaginally. Eight months later (41 months p.v.), five of the six control cats and all of the vaccines were still GL8 free and were therefore given a larger intravaginal challenge and monitored for another 1 year. Finally, at 50 months p.v., the two vaccinees that had been left unchallenged, together with a control cat that had resisted both intravaginal challenges, were challenged intraperitoneally exactly as described above and also monitored for 1 year (Fig. 1) . Differential plasma viremia measurements. The numbers of FL-381 and GL8 RNA genomes in plasma were initially calculated by determining the percentage of each strain in samples by gag nested reverse transcriptase (RT)-PCR followed by a fluorescence-based restriction fragment length polymorphism (RFLP) analysis which exploits restriction site differences in PCR products (see below). The percentages were then used to calculate the numbers of copies of FL-381 and GL8 RNA genomes from the total number of FIV genomes as determined by gag RT-competitive PCR (59) . From January 1999, corresponding to the first intravaginal challenge, this approach was replaced by strain-specific RT-TaqMan-PCR (RT-TM-PCR) assays, which employed strain-specific primers and probes designed by exploiting the mismatches found in the alignment of the gag nucleotide sequence (Fig. 2) . To evaluate assay specificity, the p24 regions of both strains were cloned into pGEM plasmids (Promega, Milan, Italy), 10-fold diluted, and amplified in parallel with both strain-specific oligonucleotide sets. The numbers of input copies were correctly estimated using the homologous oligonucleotide sets: FL-381 was underestimated by a factor of 10 6 with the GL8-specific oligonucleotides, and GL8 was underestimated by a factor of 10 4 with the FL-381-specific oligonucleotides (data not shown). Plasma samples were processed as described elsewhere (60) . Briefly, RNA genomes were extracted from plasma by using the QIAamp Viral RNA kit (Qiagen, Milan, Italy), reverse transcribed with the antisense primer FL-381 AS (900 nM) or GL8 AS (300 nM), and then amplified with the sense primer FL-381 S or GL8 S (300 nM) and 
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and the default amplification protocol (50 cycles) on the ABI Prism 7700 Sequence Detection System instrument (Applied Biosystems). Samples and controls (negative and positive) were tested in duplicate and in triplicate, respectively, and a few no-template controls were also interspersed randomly in each amplification plate. Serial 10-fold dilutions (10 1 to 10 7 ) of FL-381 and GL8 gag p24 RNA transcripts were used to produce standard curves. Intra-and interassay precision and reproducibility were assessed as described previously (26, 42, 60) . The sensitivities of both assays were 200 copies per ml of plasma, as evaluated by extracting and amplifying FIV-negative plasma spiked with serial 10-fold dilutions of RNA transcripts.
For a better comparison and since RNA loads determined by RT-TM-PCR were on average 1 log unit higher than those determined by RT-competitive PCR (M. Pistello, personal observations), all plasma samples were reanalyzed in retrospect, and only the quantitative data obtained by RT-TM-PCR assay are reported here.
Differential provirus detection and quantitation. The strain-specific provirus load was initially calculated from the total proviral load and the percentage of each strain in samples, as determined by competitive PCR and the combined nested-PCR-RFLP analysis in the gag region, respectively (59) . From early 1999, this method was replaced by TM-PCR, and previous samples were reanalyzed by the latter method. TM-PCR was carried out as described for RT-TM-PCR, except that the reaction volume was 25 l and genomic DNA was extracted from the buffy coat using the QIAamp DNA Blood Mini Kit (Qiagen). Standard curves were produced with 10-fold dilutions of FL-381 and GL8 gag p24 plasmids. The assay sensitivity was 100 plasmid copies in a background of 1 g of genomic DNA for both viruses.
Virus isolation and infectious-PBMC enumeration. FIV was isolated from the PBMC by cocultivating 10 6 Ficoll-Hypaque-separated PBMC with feline T-lymphoid MBM cells and testing the supernatant fluids for RT once per week. Cultures regarded as negative showed no evidence of RT in any sample collected during the 5-week culture period. Numbers of infectious units in the PBMC were determined by limiting dilution (48) .
Differentiation of FL-381 and GL8 in positive cultures. Discrimination of FL-381 and GL8 in the RT-positive cultures was carried out by RFLP analysis of gag PCR products. Genomic DNA extracted from the positive cocultures was amplified by nested PCR with degenerate primers to permit amplification of both FL-381 and GL8. Primer sets M21-M22 and 308S-308AS were used in the first and second amplification rounds, respectively. The amplicons were then digested with the enzyme PstI (New England Biolabs, Beverly, Mass.), selected on the basis of the presence of two and one PstI restriction sites in the gag p24 region of FL-381 and GL8, respectively (Fig. 2) . Briefly, 15 l of PCR products was diluted to 50 l in PstI restriction buffer and digested with the enzyme at 37°C for 2 h. The restriction patterns were finally analyzed in 2% agarose gels. The assay had a lower sensitivity of 500 copies for both the FL-381 and GL8 genomes and was capable of detecting either genome mixed 1/100 with the other one.
Serology. Plasma samples were tested for antibodies against whole FIV antigen by enzyme-linked immunosorbent assay (ELISA) (48) . Neutralizing antibodies (NA) were measured against 10 TCID 50 of Pet or GL8 by using MBM cells as an indicator and 50% inhibition of RT production as a readout and were expressed exactly as described previously (18) .
Lymphoproliferation assay. Ficoll-purified PBMC were incubated for 4 days with 0.1 g of gradient-purified, sonicated Pet grown in FL-4 cells and then pulsed with [ 3 H]thymidine for 18 h (48). The stimulation index was calculated as the ratio of radioactivity incorporated by PBMC in the presence of antigen to that incorporated in the absence of antigen. Only stimulation indices of Ն2 were considered indicative of FIV-specific lymphoproliferation.
Lymphocyte subset counts. EDTA anticoagulated blood was processed for flow cytometry analysis, and counts of CD4 ϩ and CD8 ϩ T lymphocytes were obtained (48) .
RESULTS

Low-grade infection established by the vaccine virus.
The vaccine virus, FL-381, was administered intravenously to six cats at a dose of 316 TCID 50 per animal. As depicted in Fig. 1 , the infection established by the vaccine virus in the absence of challenges was monitored for either 18 (cats 521, 560, 575, and 576) or 50 (cats 580 and 590) months. All vaccinees readily became infected, as revealed by the occurrence of peak viremia levels at 1 month p.v., but developed infections that remained extremely mild. In fact, the steady-state plasma viremia and proviral viremia loads observed from 12 months p.v. onward ( Fig. 3A and B) only rarely exceeded 4,000 RNA copies per ml and 1,000 DNA copies per g of genomic DNA, respectively, and attempts to reisolate the virus in culture occasionally yielded negative results (data not shown). Anti-FIV antibodies, determined by both ELISA and a sensitive NA assay against the homologous virus, became detectable in all animals early after vaccination and remained at high titers throughout the observation period, while FIV-specific lymphoproliferative responses were positive only sporadically (data not shown). Most importantly, all vaccinees remained clinically healthy throughout the variably long prechallenge periods, as demonstrated by periodic clinic examinations and routine hematochemical analyses, and circulating CD4 ϩ -T-lymphocyte counts remained essentially stable or underwent transient modest reductions (Fig.  3C) . Thus, collectively, these data showed that the long-term tissue culture virus used as a vaccine had established productive infections that remained low grade and exerted no detectable clinical consequences for Ͼ4 years, exhibiting a possibly greater degree of attenuation than when the same virus had been used to inoculate cats at a lower in vitro passage (7, 31, 59) . The virological and immunological statuses of the vaccinees at the times of challenge are detailed in Table 1 . Of note, at these times, NA to the vaccine virus were relatively high, as expected for a tissue culture-adapted strain of FIV, while NA to the challenge virus were either very low or absent, as expected for a heterologous primary isolate of FIV (18) .
Complete protection from intraperitoneal challenge. Vaccinees 521, 560, 575, and 576, together with four control naive cats (644, 652, 668, and 3063), were challenged intraperitoneally with 30 TCID 50 of cell-free GL8 and then monitored systematically for 15 months.
As expected for a virulent virus such as GL8 (30, 31) , in spite of the smaller dose inoculated, replication of the challenge virus in naive cats was more florid than that observed with the vaccine virus. Plasma viremia peaked at levels that ranged between 18,240 and 31,100 copies per ml at 1 month postchallenge (p.c.) and then decreased to stabilize at ϳ10,000 to 15,000 copies per ml at 6 months. Proviral loads in the PBMC followed a roughly parallel kinetics, with values that at 1 month p.c. ranged from 1,770 to 3,716 copies per g of genomic DNA and subsequently declined rapidly to a mean steady-state level of ϳ1,500 copies. Quantitative reisolation from the PBMC performed at selected times also showed high infectious-unit numbers ( Table 2) . Anti-FIV antibodies were already present by 1 month p.c. in all cats and increased steadily in titer thereafter (Fig. 4C) . On the other hand, flow cytometry revealed a rapid loss of circulating CD4
ϩ T lymphocytes, which were more than halved in number by 2 months p.c. and then rebounded at 6 months but never returned to prechallenge values (Fig. 4D) .
In contrast, there was no indication in the vaccinees that the challenge virus was replicating or present, as determined by repeatedly negative GL8-specific RT-TM-PCR and TM-PCR assays ( Fig. 4A and B) , RFLP genotyping of the virus reisolated from the PBMC (Table 2) , and stable CD4 ϩ -T-lymphocyte counts (Fig. 4D) . Also, preexisting levels of the vaccine virus in plasma (Fig. 4A) , the vaccine provirus in PBMC (Fig.  4B) , and antiviral antibodies (Fig. 4C) did not change relative to prechallenge values or showed insignificant fluctuations over time. Except for cat 521, from which virus could be retrieved only from the third month p.c. onward, challenged vaccinees yielded cultures positive for FL-381 alone at all times tested, and the numbers of infectious units detected were generally lower than those found in their unvaccinated counterparts (Table 2) . Altogether, these results indicated that vaccinated cats were totally protected against an intraperitoneal GL8 challenge that had readily infected all of the unvaccinated controls.
Partial protection from mucosal challenge. Fifteen months after the challenge described above (33 months p.v.), the vaccinees were tested for the ability to resist a mucosal challenge. GL8 was given intravaginally in the form of cell-associated virus, since previous results had shown that cell-free FIV was poorly effective at establishing infection by this route (12, 13, 48) . The inoculum consisted of 2 ϫ 10 4 primary blasts that had been infected 8 days earlier with GL8 and were 60% virus positive as determined by surface immunofluorescence. However, this inoculum proved weak, since only one of six matched naive control cats became clearly infected after challenge while one had low numbers of viral genomes detectable in plasma and PBMC only at 1 and 2 months p.c. Since little new information was gleaned from this first mucosal challenge (Table 2) , at the end of an 8-month observation period, we rechallenged the four vaccinees and the five controls that had not become permanently infected following the first mucosal challenge using a larger intravaginal inoculum of 10 5 GL8-infected primary blasts. This challenge was more effective, since three control cats became clearly infected, with plasma viremias and provirus curves that were slightly delayed relative to those observed after intraperitoneal challenge but reached much higher levels, and the other parameters of infection (quantitative virus isolation, anti-FIV antibody development, and decline of CD4 ϩ -T-lymphocyte counts) also clearly indicated that the cats were infected ( Fig. 5 and Table 2 ). Three of the four vaccinees also did not resist challenge, since they had GL8 RNA in plasma and GL8 DNA in PBMC from the first sampling performed at 1 month p.c. RFLP genotyping of the viruses reisolated from these animals confirmed that superinfection had occurred, since all positive cultures were found to contain both the vaccine virus and GL8. However, the GL8 replication curves observed in the vaccinees were much lower than in the unvaccinated cats, demonstrating a remarkable containment of the challenge virus (Fig. 5 and Table 2 ). Furthermore, antiviral antibody titers did not increase p.c. (Fig. 5C) , and CD4 ϩ -Tlymphocyte counts remained essentially unchanged throughout the observation period, except in cat 560, which showed a transient, albeit sharp, decline at 1 month p.c. (Fig. 5D) . Notably, the vaccine virus loads also were unchanged in these animals, except for a marginal and transient increase observed in cat 575 in the early months p.c. Collectively, these findings showed that the attenuated vaccine had failed to afford complete protection against mucosal challenge with GL8 but had nevertheless strongly restrained both its replication and its negative consequences for circulating CD4 ϩ -T-lymphocyte counts.
Complete protection from intraperitoneal challenge is longlived. In the experiments described above, the vaccinees proved to be fully protected against intraperitoneal challenge given 18 months p.v. but only partially protected against mucosal challenge given at 41 months p.v. To appraise whether this difference was due to the different mode of challenge delivery or the longer time elapsed after vaccination, at 50 months p.v. the two vaccinees, 580 and 590, that had never been challenged before were inoculated intraperitoneally with cell-free GL8, exactly as in the intraperitoneal-challenge experiment described above. The unvaccinated cat 138, which had not become infected in the previous experiments, was also similarly challenged and used as a control. While the last cat readily became infected, with indices of infection similar to the ones observed after the previous intraperitoneal challenge, the two vaccinees showed no changes in their preexisting virological and immunological situations and proved constantly GL8 negative over 12 months of observation (data not shown and Table 2 ). Thus, the ability of the vaccinees to completely resist an intraperitoneal challenge with GL8 had not waned with time p.v.
DISCUSSION
This study set out to investigate the residual pathogenicity for its natural host species of a long-term in vitro-grown FIV and the ability of the virus to protect against a virulent and highly heterologous virus of the same clade administered systemically or mucosally. The vaccine virus, FL-381, was Pet (clade A) produced by chronically infected FL4 cells that had undergone 381 passages, corresponding to Ͼ3 years, in culture. FL4 cells were established 12 years ago by Yamamoto and her group (75) and have since been distributed to many laboratories. Long-term propagation in vitro is the classic method for producing attenuated live virus vaccines, and although newer e Reciprocal of the serum dilution that gave 50% inhibition of RT production relative to virus exposed to equal dilutions of normal cat serum, as calculated by the method of Reed and Muench (63). ND, not done.
f Normal values: 739 Ϯ 225/l of blood and 35% Ϯ 5%.
approaches show promise (8, 17, 29, 38, 44, 53, 65) , it is still widely used for developing contemporary vaccines (5, 46) . The method also proved successful at attenuating FIV, as demonstrated by the present study and previous findings (6, 59) . Notably, the virus produced by FL4 cells was found to revert to broad neutralization resistance (7) and to reacquire a partially virulent phenotype following prolonged readaptation in vivo and subsequent reinoculation into naive cats (31) . Here, however, the low-grade infections established by FL-381 were characterized by a complete absence of detectable pathological effects for at least 4 years, despite the reasonably well-preserved replication capacity of the virus. The latter may have been an important feature in determining the considerable protective activity demonstrated in cats by FL-381. Findings showing that simian immunodeficiency virus mutants with markedly reduced replicative efficiencies are poorly protective have in fact indicated that a substantial preservation of replication capacity is essential for attenuated antilentiviral vaccines to be potently effective (19, 20, 35, 45) . The challenge virus, GL8, was from clade A, like the vaccine virus, but diverged from it by 10% at the amino acid level in Env, thus showing an extent of divergence among the widest so far detected between FIV isolates of the same clade (4). Importantly, this challenge virus had been passed only a limited number of times in vitro and had proved extremely difficult or impossible to protect against in previous experiments (30). The importance of testing vaccinal protection with virulent lentiviruses has been discussed previously (52, 73) . Indeed, when inoculated into naive cats, GL8 also proved highly virulent in our hands, as revealed by the florid replication curves and by the rapid decline in circulating CD4 ϩ T lymphocytes observed. In our experience, a reduction in CD4 ϩ T cells is the most sensitive index for assessing the severity of FIV infection in cats, particularly in short-term studies (47, 59) .
The vaccinees were first challenged 18 months p.v., when FL-381 replication appeared to be steady state. At this time, FL-381 loads in plasma and PBMC were generally low, although only occasionally below the detection thresholds, and circulating CD4 ϩ T lymphocytes were within the normal range. The first challenge was administered intraperitoneally to in- vestigate how vaccinated cats dealt with virus delivered systemically, and the result was complete protection. In fact, throughout the 15-month follow-up, challenged cats were free from GL8, as determined by all the exhaustive tests carried out. These included sensitive assays for GL8 RNA and DNA detection and strain discrimination of reisolated virus. Consistent with these findings, challenged vaccinees also showed no changes in preexisting total viremia levels and lymphocyte subset counts that might be suggestive of a superinfection with virulent FIV. Notably, in a further experiment, cats challenged intraperitoneally 50 months p.v. also proved to be completely protected, thus showing that the resistance against systemic challenge afforded by the attenuated vaccine was not only robust but also long-lived. In nature, FIV transmission mainly occurs through bite wounds, although other routes, such as mucosal transmission, are also possible (58) . However, sexual transmission is of the utmost importance for HIV, and thus, vaginal or rectal challenges are commonly used to test vaccinal protection in FIV (23) , as well as in other animal models (16, 40, 50, 71) . Therefore, we examined whether the vaccinees that had resisted intraperitoneal challenge could also resist an intravaginal challenge. Because cell-free FIV had previously proved poorly effective at initiating infection when delivered by this route (12, 48) , in this case the challenge consisted of in vitro-infected primary blasts. Infected cells are believed to represent an important element in the transmission of lentiviruses through mucosal surfaces (25, 28, 66) , and in a previous study, cats immunized with fixed FIV-infected cells and challenged systemically proved to be protected for a longer period against infected cells than against cell-free virus (47) . Consistent with previous findings with a clade B strain of FIV (48), we encountered some difficulty in infecting cats by the vaginal route: a first inoculum of 2 ϫ 10 4 infected cells produced overt infections in only one of six unvaccinated control cats, and a subsequent inoculum of 10 5 cells failed to infect two of five such cats. However, all control cats that became infected by these mucosal inocula exhibited infections that were slightly delayed yet more robust relative to infections following intraperitoneal inoculation of cell-free virus. This was revealed by persistently very high viral loads and profound falls in circulating CD4 ϩ T lymphocytes and was consistent with previous reports showing that the route of exposure, as well as cell association of the inoculum, significantly affects the kinetics of early lentiviral infections (13, 14, 32) . Furthermore, vaccination did not consistently confer sterilizing immunity against this type of challenge, since GL8 was readily detected in three of four vaccinees starting from the first sampling performed at 1 month p.c. This could reflect the different form of challenge, the unequal virus dosage inherent therein, or the fact that the challenge virus expanded locally before spreading systemically (14, 57) , thus possibly eluding vaccinal immunity more effectively than following intraperitoneal challenge. However, the vaccinees exerted substantial control of the challenge virus even when delivered intravaginally, as evidenced by much lower GL8 loads than in the unvaccinated controls and by substantially stable circulating CD4 ϩ -T-lymphocyte counts. Although one vaccinee showed a decline in CD4
ϩ T lymphocytes at 1 month p.c., this effect was, in fact, extremely transient.
Notably, the challenge virus was found to persist in intravaginally challenged vaccinated cats for at least 1 year. This is consistent with findings in macaques showing that the protection achieved by a live attenuated vaccine did not permit the eradication of the challenge lentivirus once it had become established in the host (39) . Interestingly, the beneficial effects of the attenuated vaccine tested here occurred in spite of the fact that the relatively high titers of NA detected in vaccinated cats were specific for the vaccine virus but were essentially ineffective against the heterologous challenge virus. This finding suggests that NA may have played a role in containing the vaccine virus but were unimportant in the control of challenge virus. In a recent exhaustive study by Abel et al. (1) , protection against pathogenic simian immunodeficiency virus observed in simian-human immunodeficiency virus-infected macaques was attributed to a combination of cytotoxic T lymphocytes and alpha interferon responses. In the present study, analysis of the cell-mediated immune reactivity of vaccinees was limited to testing the lymphoproliferative responses to whole FIV antigen, which were found to be very modest throughout the observation period. Identification of the mechanisms responsible for the protection afforded by the attenuated FIV vaccine tested here will therefore need a much finer dissection of the numerous innate and adaptive defense mechanisms that might be involved.
Recently, superinfections have generated alarm due to increased numbers of mixed infections with two or more virus strains-even of different clades-in HIV-1 patients (3, 36, 62) and consequent increased disease severity (10, 43) . Moreover, the occurrence of superinfections has cast doubts on the feasibility of vaccinating against AIDS, especially with live vaccines (27, 37) . By showing that cats infected with an attenuated FIV were completely and durably protected against infection by a virulent and highly heterologous virus of the same clade administered systemically and against disease when the same challenge virus was given mucosally, the present results suggest that severe superinfections are a significant issue only when the preexisting virus is fully virulent and capable of compromising the host's immune system. In contrast, viruses that are still capable of significant replication but unable to impact heavily on immune system functions appear to be prophylactically valuable and capable of either preventing intraclade superinfections or minimizing their pathological consequences, depending on the route of exposure. It is also noteworthy that in previous cat infection studies, the same strain of FIV cultured for fewer passages in vitro than described here was also found to exert significant long-term beneficial effects against superinfection by fully virulent FIV of a different clade (59) . Thus, together with similar results obtained in monkey models (1, 2, 15, 17, 22, 33-35, 40, 51, 55, 61, 65, 67, 74) , these findings should provide impulse to the development of attenuated FIV vaccines. Should the FIV strain used to vaccinate in the present study also prove safe and protective in neonatal and juvenile specific-pathogen-free kittens (70) , it could, for example, be tested in controlled studies in field cats, similar to the one already carried out with a fixed infected-cell vaccine (49) . In addition to permitting an assessment of safety and efficacy in natural settings, the results may provide answers to some of the existing safety concerns surrounding attenuated AIDS vaccines in humans (11, 26) , as well as grounds for establishing the molecular bases of the attenuation obtained by prolonged in vitro propagation.
